INTRODUCTION
Learned fear responses are emotional behaviors conserved among animals. In mammals, panic responses to danger such as freezing or flight are commonly observed when an aversive stimulus is expected and are useful as immediate response to threat. However, learning an adaptive strategy to avoid danger by the active avoidance of potentially dangerous environments is often more effective for animal survival than panic behavior alone. A candidate site responsible for active avoidance is the lateral habenula (LHb). In mammals, LHb neurons are phasically activated to negative or aversive emotional events or by situations where the outcome does not match the initial expectation, suggesting a role in transmitting antireward and aversive information Hikosaka, 2007, 2009) . LHb neurons are connected to GABAergic neurons in the rostromedial tegmental nucleus (RMTg) that project to dopamine (DA) neurons in the ventral tegmental area (VTA) (Jhou et al., 2009; Kaufling et al., 2009) . Via this indirect connection, the phasic activation of LHb causes a transient repression in the activity of VTA DA neurons (Matsumoto and Hikosaka, 2007) . Recent studies indicated that activation of the LHb-DA neuron pathway is aversive (Lammel et al., 2012; Shabel et al., 2012; Stamatakis and Stuber, 2012) and hyperactivation of this pathway has been implicated in the etiology of depression (Li et al., 2011 (Li et al., , 2013 . Although the LHb neurons also extensively project directly to the raphe and regulate serotonergic neuron activity (Bernard and Veh, 2012; Ferraro et al., 1996; Sego et al., 2014) , function of this pathway is largely unknown.
Negative event-related LHb activity causes a dip in DA activity that might be utilized to inhibit repetition of the punished behavior via enhancement of the striatal indirect pathway (Frank et al., 2004; Hikida et al., 2010) and thus facilitate passive avoidance behavior. However, repression of DA activity alone cannot explain learning of the behavioral strategy to actively escape from an environment that warns of the incoming aversive stimuli, because this involves the reinforcement learning process in which transition from a risky to safe environment is used as a positive prediction error. Such an error should be represented by activation rather than repression of DA neurons (Boureau and Dayan, 2011; Fiorillo, 2013) . In such neural computation, the expectation of negative reward has to be continuously represented in the brain by the time when the real outcome of the behavior is presented to an animal so that representations of both the reward expectation value and the real outcome can be used for further calculation of the prediction error. Which part of the brain represents this reward expectation value has not been well known.
The activity of raphe serotonin neurons under LHb control is one of the candidates that can represent an aversive expectation value and might be used for active avoidance learning (Dayan and Huys, 2009; Fiorillo, 2013) . In monkeys, serotonergic neurons in the raphe encode reward expectation values (Nakamura et al., 2008; Bromberg-Martin et al., 2010) . While DA neurons show phasic changes in activity every time reward value changes and encode reward prediction error, serotonergic neurons in the raphe show tonic changes in activity after reward value is updated. Thus, serotonergic neurons are likely to signal reward expectation value. DA neurons alone may not indicate what the current value state is, and seronogergic neurons alone may not indicate how the expected reward value is changing (Proulx et al., 2014) .
In mammals, the LHb consists of multiple subnuclei that are characterized by different combinations of molecular markers, and the LHb neurons projecting to different targets such as the raphe and the VTA are distributed across the boundaries of these subregions Andres et al., 1999) . Likewise, the raphe neurons are also functionally heterogeneous with diverse lineal origins, afferent sources and efferent targets (Jensen et al., 2008; Paul and Lowry, 2013) . Such complexity of both LHb and the raphe has hampered the study of the significance of this LHb-raphe pathway specifically. In fact, the in vivo electrophysiological characterization of the neurons with precise subregional or hodological identifications has not been performed yet in the mammalian LHb.
Zebrafish is amenable to genetic manipulations of neural circuits, and it has recently been shown that the basic structure in the telencephalon is similar with that of mammals except that the mediolateral positioning of the homologous structures of the dorsal pallium is largely inverted between zebrafish and mammals (Aoki et al., 2013; Mueller and Wullimann, 2009) . We have previously shown that zebrafish can show both panic responses to the aversive conditioned stimulus after the classical fear conditioning and adaptive goal-directed escape behavior after the active avoidance learning is acquired (Agetsuma et al., 2010; Aoki et al., 2013 ) (Movie S1 available online). By imaging of calcium signals across the entire brain of adult zebrafish, a discrete area of the dorsal telencephalon, which was inactive immediately after the active avoidance training, became active the next day during retrieval of the behavioral program for an active avoidance response (Aoki et al., 2013) . Therefore, zebrafish can be a suitable model animal to examine how these different ways of coping with danger are regulated. Beside the zebrafish homolog of the mammalian LHb, the vHb has much simpler structure than the mammalian LHb in that the zebrafish vHb has an exclusive direct projection to the ventro-anterior corner of the MR, but not to any other parts of the brain (Aizawa et al., 2011; Amo et al., 2010) . This characteristic connection in zebrafish has given us the opportunity to specifically examine the roles of the vHb and its target serotonergic neurons in adaptive active avoidance learning.
RESULTS

Tonic Increase in vHb Activity Represents Negative Reward Expectation Value
According to the ''Two-Factor Theory'' of Mowrer, active avoidance is regarded as a type of reinforcement learning (Dayan, 2012; Mowrer, 1947) . In this theory, animals learn active avoidance in two phases, association learning and goal-directed avoidance learning. Figure 1 elaborates this theory from the perspective of reinforcement learning theory in which expectation value (V) and prediction error (d) is recalculated after every trial (Sutton and Barto, 1998) . In the association-learning phase, In the association learning phase (i) of active avoidance learning, the fish associate cue with electrical shock. Presentation of the conditional cue (red lamp) with a neutral reward expectation value (V(0) = 0) followed by a negative reward (unexpected electrical shock, r(1) = ÀR, R > 0) results in production of negative prediction error (d(1) = r(1) À V(0) = ÀR À 0 = ÀR). This negative prediction error is used to update the expectation value assigned to the cue (V (1) = V(0) + ad = 0 + a(ÀR) = ÀaR), where a is learning rate. After n-time repeats of trials, the fish acquire a certain negative expectation value (V(n) z ÀnaR / ÀR) associated with the cue. In the avoidance learning phase (ii), the fish reinforce avoidance behaviors according to the prediction error (d) defined as the difference of the real reward (neutral, r(n + 1) = 0) from expected negative reward value (V(n) = ÀR), calculated as follows: d(n + 1) = r(n + 1) À V(n) = 0 À (ÀR) = +R. The fish also update the expectation value for the next trial using prediction error (d), i.e. V(n + 1) = V(n) + ad = ÀR + a(+R) = ÀR(1 À a). After several (m-time) trials with successful avoidance, the expectation value (V(n + m) = ÀR(1 À ma)) reaches almost zero. In this model, translocation of fish from the left to the right compartment and that of vice versa are treated equally due to the symmetry of the experimental system. V, expectation value; ÀR, negative reward expectation value; r, actual reward; d, prediction error; a, learning rate. 
Neuron
Habenulo-Raphe Pathway in Active Avoidance fish stays in the same compartment as the red light cue is presented as the conditioned stimulus (CS) and receives electrical shock as a negative reward (ÀR). During this period, the reward expectation value (V) gradually changes from 0 to ÀR ultimately, and the fish eventually learns to associate the cue with the looming shock (unconditioned stimulus [US] ). In the avoidancelearning phase, the fish acquire a goal-directed adaptive response by learning to actively swim from a dangerous compartment with a behavioral state characterized by a negative reward expectation value to a safe compartment with a neutral actual reward value (zero risk; Figure 1ii ). In this later stage of the active avoidance learning, reinforcement learning would compute the difference between the negative reward expectation value (indicated as -R in Figure 1ii ) and actual reward value (0) to provide a positive (or appetitive) prediction error (d = +R) that would reinforce the associated active avoidance (Sutton and Barto, 1998) .
First, to study the response of the vHb neurons during the early phase of the active avoidance learning (the associationlearning phase, Figure 1i ), we mimicked this situation by the classical fear conditioning. It has already been shown that both larval zebrafish and adult goldfish can learn the classical fear conditioning under the situations where the body movements are restricted (Aizenberg and Schuman, 2011; Yoshida et al., 2004) . We examined how the learning affected the response of the vHb neurons to the presentation of the CS. Adult zebrafish were kept awake, but immobilized by injection of a neuromuscular blocker (gallamine) and kept alive under the microscope by perfusing Ringer's solution into the mouth (Aoki et al., 2013) (Figure 2A and see Supplemental Experimental Procedures for details).
For correctly targeting electrodes to the vHb neurons in living adult zebrafish, we constructed a transgenic line, Tg(dao: GAL4VP16), from a bacterial artificial chromosome (BAC) clone containing a vHb-specific gene, diamineoxidase (dao) . We also established the vHb-specific transgenic line, GT014a, through gene trap screening. To identify and characterize learning signals encoded in the vHb, we recorded vHb neural activity in vivo from the transgenic fish expressing GFP in the vHb, Tg(dao:GAL4VP16);Tg(UAS:GFP) or GT014a;Tg(UAS: GFP) (Figures 2B, S1A, and S1B) (Aoki et al., 2013) . In fish, the Hb is located on the dorsal surface of the brain, so we could record neural activity in vivo by loose-patch clamp recording technique from identified vHb neurons visualized by GFP fluorescence (Figure 2B) . We examined the effect of classical fear conditioning in 52 vHb neurons by conditioning fish to associate a CS (red light) with an US (electrical shock) and recorded neural activity to the CS from single vHb neurons ( Figure 2C ).
Approximately one-third of vHb neurons increased their activity in response to the CS in postconditioning trials (PostCd in Figure 2C ) compared to preconditioning trials (Pre-Cd in Figure 2C ) (increase, 17/52, 32.7%; decrease, 4/52, 7.7%; no change, 31/52, 59.6%; recorded from 28 fish; unpaired t test; Figure 2L ). These positively responsive neurons were categorized into tonic and phasic activation types depending on their CS responses (Tonic activation-type, 9/52, 17.3%; Phasic activation-type, 8/52, 15.4%; .
Tonic activation-type neurons (9/52, 17.3%, Figure 2L ) exhibited no or little phasic response to the CS presentation and termination in the Pre-Cd and the first trial of Cd1 (Figures 2D inset, 2F, and 2H) . A total of 77.8% (7/9) of tonic neurons showed a phasic response to the US application at the early stage of the conditioning session, and this response was reduced as the conditioning trials proceeded ( Figures 2D and 2J) . However, the response to the CS gradually increased during Cd1, and these neurons showed a tonic increase in firing frequency throughout the entire CS presentation period in the Post-Cd session ( Figures  2D, 2F , and 2H).
Most (87.5%, 7/8) of the phasic activation-type neurons (8/52, 15.4%, Figure 2L ) also showed a phasic response to the US application at the early stage of the conditioning session, and this response was reduced as the conditioning trials proceeded ( Figures 2E and 2K ). In contrast, neurons of this type gradually increased phasic responses to the CS onset as the trial proceeded (Figures 2E, 2G, and 2I) .
Notably, an unpaired conditioning control did not induce a significant increase in activity during the CS presentation in the majority of vHb neurons (increase, 1/22, 4.5%; decrease, 10/22, 45.5%; no change, 11/22, 50%; recorded from 11 fish; unpaired (D and E) The examples of the raster plots and the time-lapse histograms for the activities of a tonic activation type (D) and a phasic activation type (E) single vHb neuron before, during and after conditioning. Pink and red shadows indicate the period of CS (0-5.5 s) and US (5-5.5 s), respectively. The insets show the timelapse histograms of the first trial in the Cd1 session. (F and G) The averages of activity increase from the base line activity (4.5 s to 2 s before CS presentation) of the tonic activation type neurons (F; n = 9, p = 0.0039, Wilcoxon signed-rank test) and phasic activation type neurons (G; n = 8, p = 0.0078, Wilcoxon signed-rank test) during Pre-Cd and Post-Cd sessions. (H) The averages of the activity during entire CS presentation period (except for first 0.5 s and last 0.5 s that corresponds to phasic activity period and US period, respectively) normalized to the averages of firing frequency during the period from 4.5 s before CS presentation to 2 s before CS presentation (2.5 s) in tonic activation type neurons (H; n = 9). (I) The averages of the activity immediately after CS presentation (0.5 s) normalized to the averages of firing frequency during the period from 4.5 s to 2 s before CS presentation (2.5 s) in phasic activation type neurons (I; n = 8).
(J and K) The averages of the activity during US application normalized to the averages of firing frequency during the period from 4.5 s to 2 s before CS presentation (2.5 s) in tonic type neurons (J; n = 9) and phasic type neurons (K; n = 8).
(L and M) Ratio of the neurons showing different types of fear learning-dependent activity changes in control vHb-GFP fish (L; n = 52) and vHb-silenced fish (M; n = 49) (c 2 test).
(N) Cue-evoked activity/basal activity ratio recorded from the fish that have experienced adaptation alone (control), received electrical shock 10 times (at the association learning phase) and have acquired the active avoidance learning (at the end of the avoidance learning phase) was normalized to average of the control activity ratio (one-way ANOVA, p = 0.0103; Bonferroni multiple comparison test, control versus association learning phase, p < 0.01, control versus at the end of avoidance learning phase, p > 0.05). Scale bar represents 50 mm. Error bars represent SEM. *p < 0.05, **p < 0.01. ns, not significant. See also Figure S1 .
t test) indicating that neural signals were selective to the learned association.
Because the phasic response to the US was observed in the first trial of the conditioning but was reduced in both the tonicand phasic-activation types of neurons as the conditioning trials were repeated, this response can represent the prediction error as previously pointed out for the LHb activity in monkeys Hikosaka, 2007, 2009) . In contrast, the tonic activity increase in response to the CS was not observed in the first conditioning trial ( Figure 2H ). This clearly denied the possibility that this activity increase also represents the prediction error because the prediction error in the first trial should be the maximum. Its gradual increase in a learning-dependent manner and retention throughout the CS presentation period rather supports the possibility that this activity increase represents the negative reward expectation value (aversive expectation value) generated as a result of the association of the US with the CS (Figure 1 ).
The Cue-Evoked Tonic Activity of the vHb Neurons Shows Increase and Decrease during the Active Avoidance Learning as Predicted by the Reinforcement Learning Theory According to the two-factor theory of the active avoidance learning (Figure 1 ), if the tonic activity of the ventral habenula (vHb) represents the negative reward expectation value, then it should increase at the earlier stage of learning (the association learning phase) and decrease at the later stage of learning (the avoidance learning phase) due to reevaluation of negative reward expectation value depending on the prediction error that is also recalculated every time after each trial. To test if this actually happens, we recorded the multiunit activity (MUA) from the vHb in the awake fish that were immobilized and brought under the microscope for the MUA measurement immediately after either having experienced the earlier stage of active avoidance learning (until they received electrical shock ten times in association with cue presentation: Association Learning Phase; n = 13 from seven fish) or having completed the active avoidance learning (at the end of the Avoidance Learning Phase; n = 12 from six fish). As the control group, we used the fish that were kept in the experimental chamber for 20 min (n = 12 from six fish) before immobilization and transferring under the microscope for the MUA measurement. To make targeting of the vHb easier, the GT014a; Tg(UAS:GFP) transgenic fish (the vHb-GFP fish) were used for recording. We calculated the ratio of the averaged MUA from the vHb during the cue presentation period (except for the first 500 ms of this period to remove the contribution of the phasic activity evoked by the cue) relative to the averaged MUA before the cue presentation period and compared the ratios among different phases of the active avoidance learning. In Figure 2N , the average ratio for the control group was normalized to 1. Consistent with the cue-evoked tonic activity observed in the vHb neurons during and after classical fear conditioning that was performed for immobilized fish under the microscope ( Figures 2D and 2F ), the vHb MUA during the cue presentation significantly increased in the fish at the earlier stage of the active avoidance learning (the association learning phase) ( Figure 2N ). Furthermore, the cue-evoked change of the MUA in the fish at the end of the avoidance learning phase returned to the level statistically indistinguishable from the ratio in the control fish ( Figure 2N ). This increase and decrease of the MUA of the vHb is exactly consistent with the two-factor theory of the active avoidance learning (Figure 1 ) and further supports that the vHb plays an essential role in the active avoidance learning by encoding the negative reward expectation value.
Glutamatergic vHb Neurons Project to Serotonergic MR Neurons
Similar to the mammalian LHb, virtually all fish vHb neurons express vesicular glutamate transporter 2a (vglut2a) mRNA, a marker for glutamatergic neurons ( Figure S1C ) Brinschwitz et al., 2010) . To characterize the projection of vHb glutamatergic neurons, we crossed the vHb-specific Cre recombinase line, Tg(dao:Cre-mCherry) with a glutamatergic neuron-specific line, Tg(vglut2a:loxP-DsRed-loxP-GFP) (Satou et al., 2012) . In this double transgenic fish, dao-and vglut2a-coexpressing neurons were selectively labeled by GFP. We found that GFP-labeled glutamatergic neurons in the vHb exclusively project to the MR where serotonergic neurons are localized and vHb projection was not observed in any other areas ( Figure 3A) .
To analyze the functional connectivity between vHb neurons and serotonergic MR neurons, we produced a transgenic line harboring the light-activated ion channel Channelrhodopsin-2 fused with red fluorescent protein (ChR2-mCherry), Tg(UAS: hChR2-mCherry). To achieve specific induction of ChR2 in the vHb, we produced the vHb-selective line Tg(ppp1r14ab: GAL4VP16) using the BAC clone of the vHb-specific gene ppp1r14ab ( Figure S1D ) identified in a previous study . Expression of ChR2-mCherry in Tg(ppp1r14ab: GAL4VP16);Tg(UAS:hChR2-mCherry) adult fish was restricted to the vHb and meninges (the vHb-ChR2 fish, Figures S1E and S1F). We recorded electrophysiological activity from triple transgenic fish expressing ChR2-mCherry in the vHb and GFP in the MR serotonergic neurons: Tg(ppp1r14ab:GAL4VP16); Tg(UAS:hChR2-mCherry); [Tg(À3.2pet1:EGFP) or Tg(ETvmat2: GFP)]. Nearly all serotonergic neurons in the MR were genetically labeled by the Tg(À3.2pet1:EGFP) (Lillesaar et al., 2009) or Tg(ETvmat2:GFP) (Wen et al., 2008) transgenes (Figures S1G-S1I). Neural activities from these visually identified serotonergic neurons were measured by loose-patch clamp recording in acute brain slices of the triple transgenic fish (Figures 3B-3D ). The activity of serotonergic neurons during optical stimulation of ChR2-expressing vHb axon termini within the MR was analyzed ( Figure 3D ). 8 out of 38 recorded serotonergic neurons increased their firing frequency during optical stimulation (Figures 3E and 3F ; recorded from seven fish; paired t test) while others showed no response. The increase in firing was inhibited by application of the AMPA and NMDA receptor antagonists, NBQX and AP-5 (n = 4 from four fish; Figures 3G and 3H) , respectively. Consistent with the electrophysiological findings, some vHb axons contacted the soma of serotonergic neurons (Figure S1J ). These data show that vHb neurons activate MR serotonergic neurons via excitatory glutamatergic transmission that ensures the transfer of the signaling of putative negative expectation value to the serotonergic system. Recently, it has been shown that the mouse LHb also has the direct glutamatergic projection to the MR, demonstrating the evolutionary conservation of this pathway (Pollak Dorocic et al., 2014) .
We have also recorded neural activity from 27 GFP-negative nonserotonergic neurons in the median raphe by loose-patch clamp recording. As described above, 8 out of 38 recorded GFP-positive serotonergic neurons in the median raphe showed response to the vHb axon stimulation. In contrast, 26 out of 27 nonserotonergic neurons showed no response to the vHb axon stimulation except for one neuron. As a consequence, the average of the evoked activity in response to the vHb axon stimulation has become almost negligible among the 27 measured nonserotonergic neurons as compared to that among the 38 measured serotonergic neurons ( Figure 3I ). Even the only one responsive nonserotonergic neuron showed only a very modest increase in activity ( Figure 3J ). The stimulation-evoked activity increase in this particular nonserotonergic neuron was less than one-tenth of the average of the stimulation-evoked activity increases of the eight positively responding serotonergic neurons ( Figure 3K ).
To identify telencephalic afferents of the vHb, we labeled neurons retrogradely from the vHb under GFP fluorescence guidance ( Figure 4A ). Retrogradely labeled neurons are localized in the ventral entopeduncular nucleus (vEP) (Figures 4B and 4C) where virtually all neurons are glutamatergic ( Figure 4D ). This observation is consistent with prior results in mammal and lamprey showing that glutamatergic pallidal neurons project to the LHb (Shabel et al., 2012; Stephenson-Jones et al., 2012) and it suggested that aversive expectation value information might be transmitted, at least partially, from vEP glutamatergic neurons to MR serotonergic neurons via vHb glutamatergic neurons ( Figure 4E ). We also confirmed that these retrogradely labeled neurons receive serotonergic inputs ( Figure 4C, inset) . This is consistent with the prior result that serotonergic neurons in the raphe project to the EP area in zebrafish (Lillesaar et al., 2009) and thus suggests that the vHb, MR, and vEP may constitute a ternary neural circuit ( Figure 4E ).
The vHb-MR Pathway Is Essential for Active Avoidance Learning
To confirm whether the vHb-MR pathway encodes the negative reward expectation value essential for active avoidance learning, we inhibited this neural circuitry in adult zebrafish. To do this, we used Tg(UAS:GFP-TeNT) containing a fusion protein of GFP and tetanus toxin (TeNT) light chain, which is an endopeptidase that cleaves VAMP2 to inhibit neurotransmission (Agetsuma et al., 2010; Yamamoto et al., 2003) and 5D) . GFP-TeNT expression was vHb-specific at both larval and adult stages ( Figures 5B and S2A ) and gross morphology of the projection was normal (Figures 5B-5D) .
We examined adult zebrafish responses to aversive stimuli with an active avoidance conditioning paradigm (Aoki et al., 2013) . In this task, fish must escape from a dangerous compartment within 15 s after the appearance of a red light (CS) to an adjacent safe compartment to avoid an electrical shock (US) ( Figure 5E ). An active avoidance conditioning session continued until fish achieved a learning criterion of successful avoidance responses in more than eight of ten trials; if fish did not achieve the criteria in 60 trials, the session was terminated and fish waited until the next session. Fish with a successful trial rate in three successive sessions were regarded as learners (Aoki et al., 2013) .
Transgenic fish expressing GFP-TeNT (vHb-silenced fish) were examined for active avoidance learning and showed a large reduction in the ratio of fish becoming successful learners compared to sibling control fish (control, 6/17; vHb-silenced, 1/17; Figure 5F ; Movies S1 and S2). Furthermore, the ratio of avoidance response in the first session was significantly reduced in the vHb-silenced fish ( Figure 5G ). Therefore, normal vHb-MR neurotransmission is essential for active avoidance learning. Locomotion activity during the acclimation period was similar between vHb-silenced and control fish ( Figure 5H ). We also assessed basal anxiety levels with the novel tank-diving test (Egan et al., 2009 ) and the open-field test (Peitsaro et al., 2003) but there were no significant differences observed between vHb-silenced and control fish ( Figures S2B-S2G) .
If the vHb transmits the aversive expectation value to serotonergic neurons, disruption of serotonin transmission should impair active avoidance learning. To examine this hypothesis, we pharmacologically degraded the termini of serotonergic axons in the telencephalon while soma of serotonergic neurons in the MR and their axons into other areas were kept largely intact by injecting 5,7-dihydroxytryptamine (5,7-DHT) into the telencephalon ( Figures 5I, 5J , S2H, and S2I). Consistent with the defects observed in the vHb-silenced fish, the ratio of correct avoidance response was significantly reduced in the treated fish compared to control fish, including 5,7-DHT-injected fish without obvious loss of serotonergic fibers and vehicle-injected fish ( Figure 5K ). As in the vHb-silenced fish, locomotion activity remained at a level similar to that in control fish ( Figure 5L ). This result supports that the serotonergic inputs to the telencephalon, which contains the aversive expectation value information transmitted from the vHb, is essential for active avoidance learning.
vHb-Silenced Fish Can Learn to Exhibit Panic Response to the Aversive Cue by Pavlovian Learning in Classical Fear Conditioning
Despite the defect of the vHb-silenced fish in learning active avoidance task by reinforcement learning, we wondered whether these fish can still acquire panic response to the aversive CS by Pavlovian learning of classical fear conditioning that also requires the association of CS (red light) with US (electrical shock). In this test, wild-type fish increases their turning frequency in response to the CS as a learned response (Experimental Procedures and Figure 5M ) (Agetsuma et al., 2010) . The vHb-silenced fish also exhibited a CS-evoked increase in turning frequency as a learned response similar to control fish ( Figure 5N ). The effect of the vHb-silencing on turning frequency was not significant (p = 0.4393). In vHb-silenced fish, the startle response during the US application was not affected, indicating normal sensory and motor system function ( Figure S2J ). These results indicate that the vHb-MR pathway is dispensable for acquiring panic response to the aversive CS by Pavlovian learning in classical fear conditioning.
Optogenetic Tonic Activation, but Not Phasic Activation, of vHb Neurons Induces Avoidance Behavior If the vHb-MR pathway actually encodes the negative reward expectation value, we predicted that artificial tonic activation of this pathway via optogenetic stimulation of the vHb neurons should transiently attach a negative reward expectation value to otherwise neutral learning cues, if presented during optogenetic stimulation, and thus induce active avoidance responses from such cues. To examine this hypothesis, we optogenetically stimulated the vHb neurons by fixating a tip of thin optical fiber over the Hb through a tiny hole of the skull in the adult transgenic zebrafish Tg(ppp1r14ab:GAL4VP16);Tg(UAS:hChR2-mCherry) where Channelrhodopsin2 (ChR2) is specifically expressed in the vHb neurons (vHb-ChR2 fish; Figures 6A, 6B , S1E, and S1F; Movie S3; see also Experimental Procedures), and fish could swim freely in a rectangular tank subdivided into two equal-size environments containing either a red or green floor ( Figure 6C ). We performed the same procedures on control sibling fish that lacked ChR2 expression. The red and green color of the floors automatically alternated every 2 min. In one group of experiments (14 transgenic fish, nine control siblings), optogenetic stimulation was given if the fish were in the red area after the floor colors alternated and turned off if the fish moved from the red to the green area (see Experimental Procedures and Figure 6D) . In a second group of experiments (eight transgenic fish, five control siblings), optogenetic stimulation was paired with the green area after the floors alternated color and turned off if the fish moved from the green to red area. Fish in both groups of experiments showed similar avoidance tendency, so we combined the results in the following analyses.
Tonic optogenetic stimulation consistently induced the movement of fish from a stimulation-paired environment to a nonstimulation area ( Figure 6E ; Movies S4 and S5). Notably, this movement does not require learning. Even in the first optogenetic stimulation trial, vHb-ChR2 fish sought to escape from the stimulation-paired area, i.e., spending significantly less time in the stimulation-paired area than control siblings (p = 0.0041) (Figure 6F ), indicating a preference for the nonstimulation area with a neutral (zero) reward and expectation value rather than the stimulation-paired area with a negative reward expectation value. However, reinforcement learning facilitated more efficient escape, because vHb-ChR2 fish continued to show an improvement in the efficiency of escape over multiple trials ( Figures 6F, 6G, and S3A ). In the first stimulation trial, optogenetic stimulation induced avoidance in a pseudorandom direction until animals reached the nonstimulation area, although fish showed some tendency to swim in parallel with the longer side wall of the tank (recognized as small peaks around 90 and 270
in Figures 6H and 6I left panel) . As the fish underwent the trials, they preferentially swam to the nonstimulation area directly and quickly as seen during the last trial of stimulation session 1 in the vHb-ChR2 fish (recognized as an enhanced peak around 90 in Figures 6H, 6I , right panel, and 6J). The learned improvement in avoidance behavior was not observed in control sibling fish that did not express ChR2 in vHb neurons ( Figures S3B and S3C ) and persisted even into the poststimulation session, where ChR2-expressing fish showed a slight but significant increase in aversion from the stimulation-paired color even in the absence of optical stimulation ( Figure 6K ).
Optogenetic stimulation of the vHb induced a mild increase of locomotion activity in the vHb-ChR2 fish that may reflect an increase in exploration behavior ( Figures 6L and 6M) . However, this increase was far milder than the one seen in the startle response induced by the electrical shock ( Figure 6N ), excluding the possibility that optogenetic activation of vHb neurons caused pain sensation in ChR2-expressing fish that facilitated escape behavior. Control sibling fish lacking ChR2 showed no active avoidance to optical stimulation, also eliminating the possibility that laser illumination alone induced the avoidance action.
As mentioned above, some vHb neurons showed phasic activity increase at the beginning of CS presentation after fear conditioning ( Figure 2E ). This phasic activity of the vHb neurons may also represent the negative reward expectation value. To exclude the possibility that this activity alone might be sufficient to induce the avoidance behavior, we examined the effect of optogenetic phasic activation of the vHb in the same behavior paradigm. In contrast to the tonic activation that induced strong avoidance behavior (Figure 6E ), the phasic activation could not induce significant avoidance behavior ( Figure 6O ). This result supports the idea that the tonic activity in the vHb represents the negative expectation value that is effectively used for the reinforcement learning of escape behavior but the phasic activity does not.
Together, these results demonstrate that artificial tonic activation of vHb neurons by optogenetic stimulation, designed to mimic the natural tonic activity we recorded in the vHb in response to a CS, could assign an artificial negative reward expectation value to the local environment and thus induce escape toward an area with a neutral (or relatively higher) reward expectation value.
Interruption of the vHb Output Impairs Representation of Aversive Expectation by the vHb
If the tonic activity increase of the vHb neurons provides the neural substrate representing a negative reward expectation value, the gradual increase in the level of the tonic activation of the vHb neurons that we observed during the cue presentation period both in the classical fear conditioning under the microscope and at the earlier stage of the active avoidance learning is thought to be the consequence of the repeated recalculation of the expectation value that became more and more negative as trials were repeated, because each trial gave a negative prediction error (Figures 1i, 2D , and 2H). If this is the case, interruption of the vHb outputs should impair calculation of such a negative prediction error and recalculation of the expectation value, and consequently, inhibit the emergence of the tonic activity increase during the conditioned cue presentation periods. To examine this possibility, we measured vHb neuronal activity during classical fear conditioning under the microscope in vHb-silenced fish (Figures 2A-2C and 5B). (E) Schematic illustration of the active avoidance task. The fish had to cross a hurdle to avoid the US upon CS presentation. In the ''Avoidance'' behavior, a fish swam to the opposite compartment within the CS presentation period. In the ''Escape'' behavior, a fish failed to cross the hurdle during the CS presentation period and then received the US, but still managed to cross the hurdle within period of US application. In the ''Failure'' behavior, a fish did not cross the hurdle during either period of the CS presentation or the following US application. (F) Ratio of fish reaching the success criteria, 80% avoidance in ten sequential trials in the active avoidance task (control, n = 17; vHb-silenced, n = 17; p = 0.0339, c 2 test).
(G) Averaged ratio of successful avoidance response during first session of active avoidance task (control, n = 17; vHb-silenced, n = 17; Mann-Whitney test).
(H) Locomotor activity during the adaptation period (control, n = 13; vHb-silenced, n = 12; p = 0.9350; Mann-Whitney test).
(I and J) Serotonergic fibers in the telencephalon (green; serotonin immunohistochemistry) of vehicle-injected control fish (I and I 0 ) and serotonergic fiber lesion fish (J and J 0 ). I 0 and J 0 are magnified images of the boxed areas in (I) and (J), respectively. Nuclei are counterstained with DAPI (magenta).
(K) Averaged ratio of successful avoidance response during the first session of active avoidance (control, n = 19; serotonergic fiber lesion, n = 10; Mann-Whitney test).
(L) Locomotor activity during the adaptation period (control, n = 17; serotonergic fiber lesion, n = 9; p = 0.2357; Mann-Whitney test). (legend continued on next page)
Neuron
Habenulo-Raphe Pathway in Active Avoidance
In vHb-silenced fish, TeNT inhibits neurotransmitter release from the vHb neurons, but should not by itself affect their own neural activity. However, we found significantly fewer vHb neurons showing a learning-dependent increase in neural activity during cue presentation in the vHb-silenced fish (increase, 5/ 49, 10.2%; decrease, 6/49, 12.2%; no change, 38/49, 77 .6%; recorded from 32 fish; unpaired t test; Figure 2M ) and particularly so for the tonic activation-type neurons (2/49, 4.1%). This result is consistent with the idea that the tonic activity increase of the vHb neurons provides the neural substrate representing a negative reward expectation value that is essential for calculation of the prediction error and recalculation of the expectation value based on the obtained prediction error.
DISCUSSION
All our results of this study support that vHb tonic neuronal activity represents a negative reward expectation value (aversive expectation value), assigned to the CS associated with the aversive stimuli. In fact, this activity showed increase and decrease during the active avoidance learning exactly as predicted by the two-factor theory of the active avoidance learning and the reinforcement learning theory. This activity could act as the neural substrate underlying the computation of various parameters for reinforcement learning when fish are learning how to escape from a dangerous to safe environments by using the transition from a risky to safe environment as a positive prediction error (Figure 1 ). Specific inactivation of the vHb-MR pathway impaired only the reinforcement learning of active avoidance and abrogated the increase in the tonic activity of vHb neurons resulting from association of the CS with the US at the earlier stage of the active avoidance learning (Figure 1i ). However, this manipulation did not affect the Pavlovian learning of panic response in classical fear conditioning, implicating segregation of the neural circuits including the vHb-MR pathway dedicated for adaptive coping of fear from the circuits for panic response to fear at some stage of information processing of aversive stimulus.
In monkeys, neurons in the ventral pallidum and raphe show tonic activity to negative reward from cue onset to reward receipt (Nakamura et al., 2008; Tachibana and Hikosaka, 2012) . In zebrafish, the vHb receives glutamatergic projection from the vEP neurons ( Figure 4E ). The cluster of the labeled neurons is likely to be the zebrafish homolog of the habenular-projecting globus pallidus (GPh) neurons in lamprey and the habenular-projecting entopeduncular nucleus (EPh) neurons in mouse (Shabel et al., 2012; Stephenson-Jones et al., 2013) . Recently, it has been shown that the mouse LHb has the direct glutamatergic projection to the MR as the zebrafish vHb does (Pollak Dorocic et al., 2014) . Thus, the vEP in zebrafish or EPh in mouse (vEP/ EPh), vHb in zebrafish or LHb in mammals (vHb/LHb), and MR constitutes a neural pathway that is conserved throughout vertebrate evolution, and the neural activity conducted through this pathway may act as a neural substrate for representation of negative reward expectation value in CS-associated environments. This hypothesis is supported by the preceding result that the optogenetic activation of the EPh inputs into the LHb in rats also causes avoidance from the environments associated with the optogenetic stimulation (Shabel et al., 2012) .
The vEP/EPh-vHb/LHb-MR pathway converts glutamatergic transmission from the vEP/EPh to serotonergic transmission. In the reinforcement learning, the reward expectation value that was revised by the previous trial has to be remembered at the beginning of the trial and to be retained till reward is given at the end of the trial so that the prediction error will be calculated and the expectation value will also be revised for the next trial (Figure 1 ). Serotonin signal may be a convenient mediator for such transient memory of expectation value by the cells that act as the calculator of prediction error by evoking a prolonged change in the intracellular signaling status.
By using optogenetic methods in mice, both quasi-tonic activation of the termini of the projection from the LHb to the RMTg and intermittently repeated phasic activation of the LHb neurons directly projecting to the VTA induced avoidance from the environments where optogenetic stimuli were given (Lammel et al., 2012; Stamatakis and Stuber, 2012) , suggesting the involvement of these neural circuits in the avoidance learning. As the activities of some VTA neurons have been reported to represent prediction errors in mammals (Schultz, 2013) , the neural circuits including the vEP/EPh-vHb/LHb-MR pathway and the DA neurons may play a critical role for implementation of neural computations in the brain for aversive reinforcement learning such as calculation of reward expectation values and prediction errors.
The adult zebrafish brain does not have in its midbrain the direct homologs of VTA or the substantia nigra pars compacta (G) Latency to move from the tonic stimulation-paired area in which the fish received the optogenetic stimulation to the nonstimulation area in the first trial and last trial (vHb-ChR2, n = 21, p = 0.0028, Wilcoxon signed-rank test). (H) Schematic illustration of the angle of swimming direction. Swimming direction from tonic stimulation-paired area to the nonstimulation area was set as 90 .
(I) Example of a trace of escape swimming (upper panel) and the histogram for averages of swimming distances for different directions that were normalized to the total swimming distance (lower panel; n = 21) in first and last trial of the stimulation session 1 (vHb-ChR2). Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ##p < 0.01, ns, not significant. See also Figure S3 and Movies S3, S4, and S5.
(SNc) of the mammalian brain, but instead have two DA clusters in the posterior tuberculum of the diencephalon and another DA cluster in the posterior tuberal nucleus (Rink and Wullimann, 2002) . The former two clusters send ascending projection to the subpallial region homologous to the mammalian striatum and may correspond to the mammalian ''meso''-striatal and/or ''meso''-limbic systems, while the latter projects to the pallium and may corresponds to the mammalian ''meso''-cortical system (Rink and Wullimann, 2002) . Whether the activities of these DA neurons can represent the reward prediction error as the mammalian VTA and SNc neurons do and how these DA neurons interact with the Hb and the vHb-MR system in zebrafish has to be investigated in the future.
In the previous experiment performed in monkeys in which airpuff was given in association with a visual cue, only the neurons showing the phasic increase in the activity at the beginning of the presentation period of the air puff-predicting cue were observed in the LHb, but not the ones showing the tonic increase in the activity throughout the cue-presentation period as we observed here in the zebrafish vHb (Matsumoto and Hikosaka, 2009 ). In these experiments, monkeys had already been trained for a long period before the recording of the neural activity. During the long training period, monkeys may have developed some behaviors (or even mindsets) that are effective in counteracting the discomforts caused by airpuffs. Therefore, by the time of the experiments, the expectation value for the negative reward may have returned to zero, causing no tonic activation of the LHb neurons, even if the monkey LHb has neurons similar to the zebrafish tonic-activation type vHb neurons.
We previously reported that the lateral subnucleus of the dorsal Hb (homologous to the dorsal subregion of the medial Hb [dMHb] in mammal) is essential for the experience-dependent conversion of classically conditioned fear responses from freezing to agitation (Agetsuma et al., 2010) . It has also been reported that the dMHb in mouse plays a similar role as the dHbL in zebrafish in control of fear response (Okamoto and Aizawa, 2013; Yamaguchi et al., 2013) . Here, in contrast, we show that the vHb-MR pathway transfers a negative reward expectation value signal obtained through the initial association learning to the reinforcement learning system to enable adaptive active avoidance. Thus, different habenular subnuclei are engaged in different forms of fear learning .
The inability of fish with defective vHb-MR signaling to express adaptive fear behavior in response to dangerous environments suggests the involvement of the vHb-MR pathway, and by homology, the mammalian LHb-MR pathway in exaggerated panic responses to perceived danger that occurs in common anxiety disorders. Impairment of the serotonin system is involved in diverse behavioral abnormalities including anxiety, impulsivity, behavioral inhibition, aggression, feeding, panic and sleep (Cools et al., 2008; Heisler et al., 2006; Jouvet, 1999; Miyazaki et al., 2012; Nelson and Trainor, 2007; Soubrié , 1986) . This functional diversity might be linked to diversity in the serotonergic neuron populations in terms of neural connectivity and cell lineage (Bang et al., 2012; Kim et al., 2009; Paul and Lowry, 2013) . In fact, the optogenetic activation of the dorsal raphe (DR) Pet-1-positive neurons reinforced mice to explore the stimulationcoupled spatial region, shifts sucrose preference, drove optical self-stimulation, and directed sensory discrimination learning, suggesting that the DR neurons encode reward rather than punishment as we suggested for MR (Liu et al., 2014) . Relatively simple neural circuits in zebrafish can also provide a good model to study such versatile roles of serotonergic neurons other than those described in this work. . The GT014a line was established through the gene trap screening using the pT2KSAGFF gene trap vector (Asakawa et al., 2008; Koide et al., 2009) . The other transgenic lines used in this study are the following (Aizawa et al., 2005; Asakawa et al., 2008; Lillesaar et al., 2009; Satou et al., 2012; Wen et al., 2008); Tg(brn3a-hsp70:GFP) rw0110b , Tg(UAS:GFP), , Tg(À3.2pet1:EGFP) and Tg(ETvmat2:GFP).
EXPERIMENTAL PROCEDURES Animals
Loose-Patch Clamp and Multiunit Activity Recording from the vHb Neuron In Vivo
The Tg(dao:GAL4VP16);Tg(UAS:GFP) and GT014a;Tg(UAS:GFP) adult 6-to 24-month-old zebrafish were used. Loose-patch clamp recording was performed in naive fish. Multiunit activity was recorded immediately after active avoidance task was terminated at the different phases of learning, i.e. adaptation (control), association phase (receiving 10 shock), and avoidance learning phase (completed the task). The recoding conditions are described previously (Aoki et al., 2013) .
Active Avoidance Conditioning and Classical Fear Conditioning
The active avoidance and classical fear conditioning tests were performed as described in our previous reports (Agetsuma et al., 2010; Aoki et al., 2013) . The Tg(dao:GAL4VP16);Tg(UAS:GFP-TeNT) and control sibling adult female 6-to 12-month-old zebrafish were used.
The Optogenetic Activation of the vHb Neurons of Freely Swimming Fish
The Tg(ppp1r14ab:GAL4VP16);Tg(UAS:hChR2-mCherry) and control sibling adult 12-to 24-month-old zebrafish were used. We made a small hole on the skull by the micro drill (World Precision Instruments). Optical fiber was inserted and attached on the skull by surgical glue. Optical stimulation and the bottom color were controlled by MATLAB (MathWorks)-based program.
Details of experimental procedures are available in the Supplemental Experimental Procedures. 
